Introduction
To meet the anabolic demands of cell division, oncogenic mutations drive glucose and glutamine transporter gene expression (1) (2) (3) (4) . The LDL receptor is similarly upregulated in cancer cells to provide exogenous cholesterol and fatty acids that fuel cell growth (5, 6) . Oncogenic signaling pathways also promote nutrient uptake posttranscriptionally by preventing the lysosomal degradation of these nutrient transport proteins (7) . Tumors with activated Ras acquire additional extracellular nutrients via macropinocytosis, an endocytic process that produces amino acids when engulfed proteins are degraded in the lysosome (8, 9) . Cancer cells are "addicted" to these nutrient influx pathways, because oncogenic mutations create a continuous, high demand for fuel and limit metabolic flexibility. A classic example of how this addiction can be exploited therapeutically is the use of L-asparaginase to kill acute lymphoblastic leukemia cells that cannot synthesize sufficient quantities of the nonessential amino acid asparagine to meet their metabolic demand (10) . Preclinical studies show that a subset of human cancers likewise requires imported LDL, arginine, serine, or glycine for growth and survival (5, (11) (12) (13) . These studies demonstrate that limiting nutrient uptake can selectively eliminate transformed cells and also highlight that the specific nutrient addictions of different cancer classes diverge depending on the molecular defects present.
An increasingly sophisticated understanding of how individual oncogenes and tumor suppressors alter flux through key metabolic pathways and the expanding ability to catalog the mutations present in tumors will facilitate the use of targeted metabolic therapies. However, tumor heterogeneity limits the effectiveness of these agents. Preexisting tumor cells that rely on a distinct set of anabolic enzymes would be enriched during treatment with small-molecule metabolic inhibitors, thereby contributing to the development of resistance (14, 15) . Selective pressures may also promote rewiring of metabolic pathways in tumor cells that are crippled but not killed by targeted metabolic therapies, akin to what has been observed with cytostatic agents targeting oncogenic signal transduction pathways (16) . One means to circumvent these hurdles would be to target the apex of the anabolic pyramid, that of nutrient uptake. No matter which biosynthetic pathways are essential in a given tumor cell, exogenous nutrients will be required to build biomass. If access to multiple nutrients could be restricted simultaneously, many different tumor classes would be sensitive and potential resistance pathways suppressed.
Oncogenic mutations drive anabolic metabolism, creating a dependency on nutrient influx through transporters, receptors, and macropinocytosis. While sphingolipids suppress tumor growth by downregulating nutrient transporters, macropinocytosis and autophagy still provide cancer cells with fuel. Therapeutics that simultaneously disrupt these parallel nutrient access pathways have potential as powerful starvation agents. Here, we describe a water-soluble, orally bioavailable synthetic sphingolipid, SH-BC-893, that triggers nutrient transporter internalization and also blocks lysosome-dependent nutrient generation pathways. SH-BC-893 activated protein phosphatase 2A (PP2A), leading to mislocalization of the lipid kinase PIKfyve. The concomitant mislocalization of the PIKfyve product PI(3,5)P2 triggered cytosolic vacuolation and blocked lysosomal fusion reactions essential for LDL, autophagosome, and macropinosome degradation. By simultaneously limiting access to both extracellular and intracellular nutrients, SH-BC-893 selectively killed cells expressing an activated form of the anabolic oncogene Ras in vitro and in vivo. However, slower-growing, autochthonous PTEN-deficient prostate tumors that did not exhibit a classic Warburg phenotype were equally sensitive. Remarkably, normal proliferative tissues were unaffected by doses of SH-BC-893 that profoundly inhibited tumor growth. These studies demonstrate that simultaneously blocking parallel nutrient access pathways with sphingolipid-based drugs is broadly effective and cancer selective, suggesting a potential strategy for overcoming the resistance conferred by tumor heterogeneity.
Targeting cancer metabolism by simultaneously disrupting parallel nutrient access pathways despite their activity in vitro and in animal models (21, 22) . Even if sphingolipids with acceptable drug properties were developed, lysosomal nutrient generation from macropinosome and/or autophagosome degradation could afford resistance, particularly in tumors with activated Ras, in which these pathways are upregulated (9, 23) . Here, we report that SH-BC-893, a pharmacologically viable synthetic sphingolipid, is an apical inhibitor of cancer metabolism that blocks nutrient access through multiple, parallel pathways by altering membrane trafficking.
The identification of compounds with good pharmacological properties that restrict access to multiple nutrients presents a significant challenge (17) . Sphingolipids offer a promising alternative to competitive inhibitors of individual nutrient uptake pathways. Natural and synthetic sphingolipids limit glucose and amino acid transporter surface expression through evolutionarily conserved effects on membrane trafficking (18) (19) (20) . Unfortunately, most sphingolipids have significant pharmacological liabilities that prevent their use in patients with cancer, Error bars indicate the mean ± SEM. *P <0.05, **P < 0.01, and ***P <0.001, by unpaired, 2-tailed Student's t test. P values were determined using Tukey's method when correcting for multiple comparisons. Data are representative of at least 3 independent experiments. 4 0 9 0 jci.org Volume 126 Number 11 November 2016 in the heart (22, 27, 28) . The conformationally constrained FTY720 analog SH-BC-893, in contrast, could be used therapeutically, as it does not activate S1P 1 in reporter cells ( Figure 1, A and B) . Moreover, neither SH-BC-893 nor its phosphate triggers lymphocyte sequestration, an S1P 1 -dependent effect (27) . Importantly, SH-BC-893 still triggers the selective internalization of amino acid (4F2HC, also known as SLC3A2, or ASCT2, also known as SLC1A5) and glucose (GLUT1, also known as SLC2A1) transporters (17, 27) ( Figure 1 , C and D). Other surface proteins, such as CD147, a chaperone protein with
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SH-BC-893 starves cancer cells to death.
At higher doses than required for immunosuppression, the US Food and Drug Administrationapproved (FDA-approved) multiple sclerosis therapy FTY720 selectively kills cancer cells in vitro and in vivo in part by triggering the internalization of glucose and amino acid transporters (20, (24) (25) (26) . Unfortunately, FTY720 cannot be repurposed for use in patients with cancer, because it dramatically slows the heart rate at the antineoplastic dose by activating sphingosine-1-phosphate (S1P 1 ) receptor 1 (26) , SH-BC-893 was given i.p. at a dose of 10 mg/kg for 7 days. On the basis of BLI (G), the dose was increased to 20 mg/kg on day 8. Error bars indicate the mean ± SD. n = 7 mice per group. *P <0.05, **P <0.01, and ***P <0.001, by unpaired, 2-tailed Student's t test. P values were determined using Tukey's method when correcting for multiple comparisons. In vitro data are representative of at least 3 independent experiments. (30) . A higher ratio of protein-bound to free NADH (increased lifetime) correlates with increased oxidative phosphorylation in multiple cell types, both in vitro and in vivo (31) (32) (33) (34) (35) (36) . As expected, cells treated with oligomycin or rotenone/antimycin A compensated for the loss of oxidative phosphorylation by increasing glycolysis, thereby reducing the bound NADH fraction ( Figure  1F ). Conversely, the glycolysis inhibitor 2-deoxy-glucose (2-DG) or glucose and amino acid deprivation increased oxidative phosphorylation and the bound-to-free NADH ratio. As predicted, SH-BC-893 mimicked the effect of amino acid and glucose starfunctions similar to those of 4F2HC, were not affected. As expected, if cells were nutrient limited, blocking apoptosis via BCLXL overexpression did not prevent SH-BC-893-induced cell death ( Figure 1E and Supplemental Figure 1 , A and B; supplemental material available online with this article; doi:10.1172/JCI87148DS1). In contrast, the transporter-independent, membrane-permeant nutrients methyl pyruvate and dimethyl-α-ketoglutarate rescued SH-BC-893-treated cells ( Figure 1E ). These results confirm that, like FTY720 (20) , SH-BC-893 kills cells by limiting nutrient access. Cells adapt to nutrient limitation by increasing oxidative phosphorylation (29) . The relative rate of glycolysis and oxidative phos- Error bars indicate the mean ± SEM. n ≥3 independent experiments; ≥30 cells per condition were analyzed per experiment. Statistical significance was compared with respective controls. **P < 0.01 and ***P < 0.001, by unpaired, 2-tailed Student's t test. P values were determined using Tukey's method to correct for multiple comparisons.
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jci.org Volume 126 Number 11 November 2016 levels slows proliferation and increases oxidative phosphorylation without compromising cell viability ( Figure 2 , A and B) (37) . As predicted, maintenance in low IL-3 medium reduced the need for metabolic adaptation ( Figure 2B ) and protected cells from SH-BC-893-induced death (Figure 2A ), suggesting that elevated growth factor signaling and anabolism in transformed cells will confer hypersensitivity to SH-BC-893. Indeed, nontransformed murine OP9 bone marrow stromal cells and primary murine embryonic fibroblasts (MEFs) were less sensitive to SH-BC-893 than were human cancer cell lines ( Figure 2C ). Many of these cancer cell lines carry activating mutations in Ras. In fact, KRAS activation following Cre expression in Lox-STOP-Lox-Kras G12D (LSLKras
G12D
) MEFs (38) was sufficient to limit metabolic flexibility and vation, increasing the bound NADH fraction and cellular oxygen consumption (Figure 1 , F and G). Cells responded similarly to the parent compound FTY720. Thus, the metabolic changes triggered by SH-BC-893 parallel those seen in cells with restricted access to key metabolic substrates.
If SH-BC-893 kills cells by limiting nutrient access, cells with a higher anabolic rate should be more sensitive. The anabolic rate of murine FL5.12 cells can be titrated by modulating the levels of their required growth factor IL-3 (37); comparing FL5.12 cells grown in high and low IL-3 concentrations allows the impact of elevated growth factor signaling and anabolism to be evaluated in a constant genetic background. High concentrations of IL-3 drive aerobic glycolysis and a rapid doubling time (12 h). Reducing IL-3 -expressing or PTEN-deficient MEFs (Supplemental Figure 2C ). These results indicate that both normal and transformed cells express the SH-BC-893 target, and differential sensitivity to the compound stems from the lack of metabolic adaptation in cancer cells. Consistent with these results in MEFs, normal human peripheral blood mononuclear cells (PBMCs) were also resistant to SH-BC-893 relative to SW620 colon cancer cells ( Figure 2F ) in colony formation assays. Taken together, these data suggest that constitutive anabolism sensitizes cancer cells to SH-BC-893 and could generate an acceptable therapeutic index.
To determine whether SH-BC-893 inhibited tumor growth in vivo, luciferase-expressing SW620 xenografts were generated. Bioluminescence, caliper measurements, and tumor mass at sacrifice were reduced to a similar degree by SH-BC-893 and FTY720 ( Figure 2 , G-I and Supplemental Figure 2D ). Consistent with these effects, SH-BC-893 was present at low micromolar concentrations in both tumors and plasma at sacrifice (Supplemental Figure 2E ). Mild weight loss occurred in treated mice, as expected, given that nutrient access would be restricted in both normal and transformed cells (Supplemental Figure 2F ). These results suggest that SH-BC-893 could provide a safe and effective means to target Ras-driven cancer anabolism in vivo.
SH-BC-893 interferes with late endocytic trafficking. SH-BC-893 was surprisingly effective, given that Ras activation increases macropinocytosis and autophagy (9, 23) , processes that should provide resistance to surface nutrient transporter loss. We therefore hypothesized that SH-BC-893 might affect additional trafficking pathways. Interestingly, SH-BC-893 induced equally striking cytosolic vacuolation in both nontransformed and cancer cells ( Figure 3A and Supplemental Figure 3 , A-C). These vacuoles contained intraluminal vesicles (ILVs) as well as amorphous, partially degraded material, suggesting that they originate from multivesicular bodies (MVBs) or another late endocytic compartment ( Figure 3B ). Vacuoles were positive for the late endosomal markers LAMP1 and RAB7 ( Figure 3C ) and negative for the early endosomal markers EEA1 and RAB5 and the lipid stain Nile red (Supplemental Figure 3D ). Acidified puncta, probably lysosomes, were observed within or proximal to vacuoles along with material marked as autophagosomes by GFP-LC3 ( Figure 3 , C and D, and Supplemental Figure 3E ). Taken together, these results suggest that SH-BC-893 enlarges MVBs.
PI(3,5)P 2 , the product of the PI3P 5-kinase PIKfyve, regulates membrane fusion and ILV formation in MVBs (39) . Reducing PIKfyve activity with the inhibitor YM201636 produced PI3P-positive, PI(3,5)P 2 -negative vacuoles that were phenotypically similar to those generated by SH-BC-893 and FTY720 ( Figure 3 , A and E, and Supplemental Figure 3 , A and F) (40) (41) (42) . The Ca 2+ channel TRPML1 (transient receptor potential cation channel, mucolipin subfamily, member 1) is found in MVB membranes, where it is activated by PI(3,5)P 2 , generated by PIKfyve (43) . TRPML1 accumulated in vacuolar membranes in FTY720-and YM201636-treated cells ( Figure 3E ). Overexpression of PIKfyve, its scaffolding protein VAC14, or its effector protein TRPML1 rescued either FTY720-or YM201636-induced vacuolation, while a VAC14 mutant that does not associate with PIKfyve was ineffective at preventing vacuolation ( Figure 3F ). Together, these data suggest that SH-BC-893 and FTY720 enlarge MVBs by reducing PIKfyve activity to an extent similar to that of YM201636. Error bars indicate the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by unpaired, 2-tailed Student's t test. P values were determined using Tukey's method when correcting for multiple comparisons. Data are representative of at least 3 independent experiments. Scale bars: 10 μm.
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Unexpectedly, FTY720 did not inhibit PIKfyve kinase activity or reduce PI(3,5)P 2 levels at concentrations that profoundly vacuolate cells (Figure 4, A and B) . Rather, FTY720 disrupted PIKfyve localization. While mCitrine-tagged PIKfyve localized to the limiting membrane of YM201636-induced vacuoles as expected, PIKfyve was present in clumps between vacuoles in FTY720-treated cells ( Figure 4C and Supplemental Figure 3F ). Validated antibodies recognizing endogenous PIKfyve and VAC14 confirmed this result ( Figure 4C and Supplemental Figure 4, A and B) . See complete unedited blots in the supplemental material. Consistent with their disparate mechanisms of action, YM201636 abolished membrane association of the PI(3,5)P 2 probe mCherry-ML1N*2 (44), while in FTY720-or SH-BC-893-treated cells, mCherry-ML1N*2 colocalized with PIKfyve to puncta between the vacuoles (Supplemental Figure 3F ). PIKfyve-Vac14 association was not altered by FTY720 (Supplemental Figure 4C) . Moreover, neither PIKfyve ( Figure 4D ) nor mCherry-ML1N*2 (Supplemental Figure 4D) colocalized with the PI(3,5)P 2 effector protein TRPML1 on vacuoles in FTY720- ) introduction of Cre, with or without the macropinocytosis inhibitor EIPA, SH-BC-893, or YM201636 (G). Colocalization of dextran and LysoTracker Red (H) was determined using ImageJ. Error bars indicate the mean ± SEM shown. n ≥15 cells evaluated per condition. *P < 0.05, **P < 0.01, and ***P < 0.001, by unpaired, 2-tailed Student's t test. P values were determined using Tukey's method when correcting for multiple comparisons. Figure  5C ). Moreover, triggering vacuolation with YM201636 did not decrease surface nutrient transporter levels, and preventing vacuolation by overexpressing VAC14 did not interfere with nutrient transporter downregulation by FTY720 (Supplemental Figure 5 , D and E). Taken together, these data indicate that FTY720 and SH-BC-893 disrupt PIKfyve localization and nutrient transporter trafficking in both normal and transformed cells through 2 distinct PP2A-dependent mechanisms.
PIKfyve mislocalization blocks lysosomal nutrient production. Cells adapt to nutrient stress by increasing autophagic flux (17) . However, autophagosome-lysosome fusion reactions depend upon Ca 2+ released through TRPML1 channels that are activated or SH-BC-893-treated cells. As TRPML1 was present on both YM201636-and SH-BC-893-induced vacuoles ( Figure 3E and Supplemental Figure 4D ), PIKfyve, and not TRPML1, was mislocalized by FTY720 and SH-BC-893. FTY720 and SH-BC-893 also eliminated PIKfyve from the TRPML1-positive vacuoles in YM201636-treated cells ( Figure 4D ). Consistent with its lack of vacuolating activity ( Figure 3A ), ceramide did not disrupt PIKfyve-TRPML1 colocalization in the presence or absence of YM201636 ( Figure 4D ). These results indicate that FTY720 and SH-BC-893 induce vacuolation by mislocalizing PIKfyve, leading to generation of the membrane-anchored lipid PI(3,5)P 2 in a compartment separate from its transmembrane effector protein, TRPML1. Ceramide, FTY720, and SH-BC-893 trigger nutrient transporter loss by activating PP2A ( Figure 5, A and B) (18, 20, 27, 45, 46) . Activation of PP2A by sphingolipids is specific, as dihydroceramide, which differs from ceramide by a single saturated bond, fails to activate PP2A, does not kill cells, and does not trigger transporter loss or vacuolation ( Figure 5A and Supplemental Figure 5A ) (46, 47) . FTY720 or SH-BC-893 also caused vacuolation by activating PP2A, as the selective PP2A inhibitor calyculin A and the protein inhibitor of PP2A, SV40 small t antigen, both blocked this effect ( Figure 5C ); YM201636-induced vacuolation was unaffected by PP2A inhibition (Supplemental Figure 5B) . PP2A activation trig- also be mislocalized in SH-BC-893-treated cells, thereby disrupting autophagosome formation. Indeed, FTY720 and SH-BC-893 reduced the number of WIPI2-positive nascent autophagosomes detected in low-nutrient media, without affecting PI5P levels (Figure 6 , D and E, and Supplemental Figure 6A ). Thus, SH-BC-893 inhibited both autophagosome formation and degradation. VAC14 overexpression limited vacuolation ( Figure 3F , Figure 6F , and Supplemental Figure 6B ) and should rescue autophagic flux in SH-BC-893-treated cells. VAC14 overexpression restored both autophagosome formation and lysosomal fusion in FTY720-and SH-BC-893-treated cells ( Figure 6, A, B, D , and E). Together, these by PI(3,5)P 2 (43, 48) . The loss of PIKfyve and PI(3,5)P 2 colocalization with TRPML1 ( Figure 4D and Supplemental Figure 4D ) suggested that SH-BC-893 might limit autophagic flux. In cells where autophagolysosomes were stabilized by chloroquine, the addition of FTY720, SH-BC-893, or YM201636 reduced the fusion of LC3-positive autophagosomes with LAMP1-positive lysosomes ( Figure 6, A and B) . Interestingly, vacuolating sphingolipids also decreased the total number of LC3 puncta per cell, suggesting that autophagosome formation was reduced ( Figure 6C ). PI5P is essential for autophagosome biogenesis upon glucose depletion (49) . As PI5P is produced by dephosphorylating PI(3,5)P 2 (50), PI5P might assess whether vacuolation enhances the antineoplastic activity of SH-BC-893 in vivo, mice bearing SW480 xenografts expressing empty vector or VAC14 were treated by gavage with vehicle or SH-BC-893. Tumors were harvested while still small in order to limit tumor necrosis that might confound the microscopic analysis of SH-BC-893-induced vacuolation. As seen in vitro, VAC14 overexpression conferred resistance to both vacuolation and growth inhibition by SH-BC-893 ( Figure 7 , E and F). These results demonstrate that vacuolation contributes to the antineoplastic effects of SH-BC-893 both in vitro and in vivo.
The multifaceted actions of SH-BC-893 confer activity in slower-growing, autochthonous prostate tumors.
Because the activity of SH-BC-893 was linked to metabolic rate ( Figure 2, A and  B) , it was not clear whether slower-growing tumors that do not exhibit the classic Warburg phenotype would also be sensitive. To test this, SH-BC-893 was evaluated in a validated genetically engineered mouse model for invasive castration-resistant prostate cancer that lacks p53 and PTEN expression exclusively in the prostate (p53 -/-Pten -/-mice, hereafter referred to as pDKO mice) (52-54). Cells derived from tumors in these mice (murine prostate cancer epithelial cells [mPCEs]) exhibited reduced glycolysis and were not dependent on extracellular glucose and amino acids for survival ( Figure 8, A and B) . However, SH-BC-893 still produced a phenotype consistent with starvation, as the bound NADH fraction increased and cell-permeant nutrients protected mPCEs from death ( Figure 8, A and C) . Prostate cancer cells depend on exogenous LDL for growth and survival (5) . Interestingly, SH-BC-893 not only vacuolated mPCEs and downregulated 4F2HC, but also dramatically decreased surface levels of the LDL receptor (LDLr), LDL uptake, and lipid droplet accumuladata indicate that SH-BC-893 blocks autophagic flux at multiple levels through effects on PIKfyve, probably enhancing the bioenergetic stress induced by transporter downregulation (Figure 1 ).
In cells with activated Ras, macropinocytosis might also confer resistance to nutrient transporter downregulation (9) . However, PI(3,5)P 2 is also required for macropinosome degradation (51) . While Kras
G12D
-expressing cells efficiently macropinocytosed dextran in an 5-(N-ethyl-N-isopropyl) amiloride-sensitive (EIPA-sensitive) manner, both YM201636 and SH-BC-893 dramatically reduced macropinosome fusion with lysosomes ( Figure 6 , G and H). Macropinosomes that fail to fuse with lysosomes would not supply amino acids (8) . Thus, by disrupting PIKfyve localization, SH-BC-893 limited access to lysosomally derived nutrients (Figure 6 ) at the same time that it downregulated transporters for amino acids and glucose ( Figure 1, C and D) .
Vacuolation increases the antineoplastic activity of SH-BC-893.
To assess the relative contribution of vacuolation to the antineoplastic activity of SH-BC-893, cells were treated with YM201636 (vacuolation only) and ceramide (transporter loss without vacuolation) alone and in combination. YM201636 was minimally cytotoxic as a single agent but significantly enhanced ceramide-induced death in multiple cancer cell lines, without increasing nutrient transporter loss ( Figure 7 , A and B, and Supplemental Figure 5D and Supplemental Figure 7A ). Moreover, VAC14-overexpressing cells that did not vacuolate ( Figure 3F and Figure  6F ) were resistant to SH-BC-893-and FTY720-induced death but were not protected from death induced by the nonvacuolating sphingolipid ceramide ( Figure 7 , C and D, and Supplemental Figure 7B ). Taken together, these data suggest that vacuolation contributes to the ability of SH-BC-893 to kill cancer cells. To Figure 9 . Vacuolating sphingolipid SH-BC-893 targets primary and adaptive pathways for nutrient acquisition. Like ceramide, the synthetic sphingolipid SH-BC-893 activates PP2A to downregulate nutrient transporters. In addition, SH-BC-893 activates a second PP2A complex, PP2A′ that is not affected by ceramide. Activation of PP2A′ leads to mislocalization of PIKfyve and PI(3,5)P 2 , reducing lysosomal fusion reactions. Because PI(3,5)P 2 is membrane anchored and cannot diffuse to its target, loss of PI(3,5)P 2 (YM201636 treatment) and PI(3,5)P 2 mislocalization (SH-BC-893 treatment) produce similar phenotypes. While ceramide limits access to extracellular nutrients, SH-BC-893 blocks access to both extracellular and intracellular nutrients. Substrate limitation in the context of oncogene-driven anabolism is lethal, while nontransformed cells can make adaptive metabolic changes that allow them to survive nutrient stress. jci.org Volume 126
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Discussion
These studies demonstrate that synthetic sphingolipids with vacuolating properties starve multiple classes of cancer cells to death, while sparing normal tissues. SH-BC-893 was effective against tumors with distinct metabolic signatures and growth characteristics, most likely because it inhibits both primary and adaptive nutrient acquisition pathways, downregulating cell surface transporters/receptors, while simultaneously blocking the lysosomal degradation of autophagosomes, macropinosomes, and LDL particles ( Figure 9 ) (17 Table  1 and Supplemental Table 2 ), a consideration with any cancer therapy that limits nutrient access is how it would affect cachexic patients. Cancer cachexia has a complex etiology and is not simply a consequence of reduced food intake (57) . It is possible that compounds that limit tumor lactate production might actually benefit cachexic patients if they reduce the futile Cori cycle through which the liver converts tumor lactate into glucose. How SH-BC-893 administration affects whole-body metabolism and cytokine levels merits further investigation. As a single agent, SH-BC-893 acts like a combination therapy by targeting the multiple nutrient acquisition pathways that fuel cancer anabolism (17) . It will be important to test whether pairing SH-BC-893 with drugs that target oncogenic signal transduction pathways will increase efficacy. Our results provide a strong rationale for combining SH-BC-893 with PI3 kinase inhibitors (58) . Akt activity increased in SH-BC-893-treated prostate tumors (Supplemental Figure 8C ), most likely due to the loss of TORC1-dependent negative feedback in cells in which SH-BC-893 restricted access to amino acids. Suppressing Akt activity while administering SH-BC-893 might increase tumor growth inhibition or even cause tumor regression. The combination with androgen-signaling inhibitors might also be valuable; the studies shown in Figure 8 , I and J, were performed in intact male mice. Importantly, there are currently no other agents that can reconstitute the multifaceted effects of SH-BC-893. While PIKfyve kinase inhibitors such as apilimod (59) Figure 8A) . Consistent with their ability to block lysosomal fusion (Figure 6 ), both YM201636 and SH-BC-893 reduced LDL colocalization with LysoTracker Blue (Figure 8, F and G) . In keeping with the inhibition of LDL degradation in lysosomes, cellular lipid droplet content was inversely correlated with the extent of vacuolation (Supplemental Figure  8B) . In summary, SH-BC-893 starves prostate cancer cells for essential nutrients, both by downregulating transporters and by blocking lysosomal nutrient generation.
We next evaluated the effect of SH-BC-893 on prostate tumor growth in vivo. In C57BL/6 mice bearing mPCE s.c. isografts, 60 mg/kg SH-BC-893 given daily by gavage slowed tumor growth by 60%, similar to the results seen with SW620 xenografts dosed with 20 mg/kg i.p. (Figure 2 , G-I and Figure 8I ). At 120 mg/kg, SH-BC-893 inhibited prostate tumor growth by more than 90% ( Figure 8I ). Similarly, SH-BC-893 decreased autochthonous tumor growth in pDKO mice by 62% (60 mg/kg) or 82% (120 mg/kg) ( Figure 8J ). Histologically, SH-BC-893 slowed prostate tumor progression, eliminating invasive disease and dramatically reducing cellular pleomorphism, hyperchromasia, and nuclear atypia; SH-BC-893-treated mice exclusively exhibited prostatic intraepithelial neoplasia, whereas adenocarcinoma was present in all vehicle-treated animals (Supplemental Figure 9) . As expected, if amino acid transporters were downregulated (Figure 8D ), TORC1-dependent ribosomal protein S6 phosphorylation was reduced in SH-BC-893-treated tumors (Supplemental Figure 8C ). Akt activity was slightly elevated by SH-BC-893, consistent with a loss of TORC1-mediated negative feedback. Thus, SH-BC-893 is effective against tumors with distinct molecular defects and metabolic characteristics.
SH-BC-893 produces equivalent transporter loss and vacuolation in normal and transformed cells and therefore limits the access of normal cells to nutrients (Figures 1, C and E, and Supplemental Figure 3 , B and C). Consistent with this, SH-BC-893-treated pDKO mice gained less weight than did control mice (Supplemental Figure 8D) . However, even mice treated with the highest dose of SH-BC-893 gained weight, and all treated mice exhibited normal behavior and activity levels. Blood chemistry analysis at sacrifice indicated that SH-BC-893 was not toxic to the liver or kidneys at the antineoplastic dose (Supplemental Table 1 ). The slight elevation in serum creatine phosphokinase in animals treated with 120 mg/kg SH-BC-893 is suggestive of mild muscle catabolism in response to nutrient restriction. Importantly, proliferating normal tissues were minimally affected by SH-BC-893, as evidenced by normal complete blood counts and histopathology of intestinal crypts in mice treated with 120 mg/kg SH-BC-893 for 11 weeks (Supplemental Table 2 and Supplemental Figure 8E ). The lack of toxicity to normal tissues is consistent with our finding that nontransformed cells can adapt to nutrient stress that triggers a bioenergetic crisis in less metabolically flexible tumor cells (Figure 2, D and E) . In conclusion, blocking parallel nutrient access pathways by disrupting membrane trafficking is a safe and effective means to target constitutive anabolism in cancer cells with divergent metabolic programs. mouse prostate tissue were maintained in DMEM with 10% FBS, 25 μg/ml bovine pituitary extract, 5 μg/ml bovine insulin, and 6 ng/ ml recombinant human EGF. FL5.12 cells were maintained in RPMI 1640 medium supplemented with 10% FCS, 10 mM HEPES, 55 μM 2-mercaptoethanol, antibiotics, 2 mM L-glutamine, and 500 pg/ml rIL-3. FL5.12 cells were adapted to grow in 25 pg/ml IL-3 by gradually reducing the IL-3 concentration over 2 weeks of culture. DLD-1 and Zr75-1 cells were cultured in the same media as FL5.12, but without IL-3. HeLa, OP9, MG-63, and MEF cells were cultured in DMEM with 4.5 g/l glucose and L-glutamine supplemented with 10% FCS and antibiotics. Starvation medium was produced by making DMEM lacking amino acids and glucose from chemical components and supplementing with 10% dialyzed FCS. LS180, SW48, PANC-1, MDA-MB-231, SW480, and SW620 cells were cultured in DMEM supplemented with 10% FCS, antibiotics, and 1 mM sodium pyruvate. Cell viability was measured by vital dye exclusion using either propidium iodide or DAPI at 1 μg/ml. Analysis of cell-surface 4F2HC levels with PE-conjugated anti-CD98 was restricted to viable cells as determined by DAPI exclusion. Anchorage-independent growth of SW620 cells was measured in DMEM-10 containing 0.35% low-melt agarose with a 0.5% agarose bottom layer. PBMCs were obtained from the normal blood donor program run by the Clinical and Translational Science Award (CTSA)-supported Institute for Clinical and Translational Sciences (ICTS) at UCI. P40Px-EGFP plasmid was provided by Seth Field (UCSD, San Diego, California, USA), mCherry-VAC14 WT and mCherry-VAC14 L156R plasmids by Thomas Weide (University Hospital of Muenster, Germany), mCherry-TRPML1, EGFP-TRPML1, and mCherry-ML1N*2 plasmids by Haoxing Xu (University of Michigan), and PIKfyve and VAC14 shRNA by Anand Ganesan (UCI). Light microscopy. Bright-field and epifluorescence microscopy were conducted using a Nikon TE2000-S fluorescence microscope; confocal microscopy was performed on a Zeiss LSM780 confocal microscope or a Nikon Eclipse Ti spinning-disk confocal microscope. The following antibodies were used: murine 4F2HC (catalog 128208; eBioscience) and LAMP1 (catalog 53-1079-42; eBioscience); human 4F2HC (catalog 556077; BD Biosciences); human GLUT1 (catalog NB300-666; Novus Biologicals); LC3 (catalog 4108; Cell Signaling Technology); PIKfyve (catalog 4082; Tocris); VAC14 (catalog SAB4200074; Sigma-Aldrich); and WIPI2 (catalog LS-C154557-100; LifeSpan Biosciences). Colocalization was determined using the JACoP plugin in ImageJ software (NIH (17) . The development of resistance limits the effectiveness of targeted therapies. Because sensitivity to SH-BC-893 is linked to an intrinsic property of cancer cells -constitutive anabolism, rather than a particular genetic lesion -it may be more difficult for cancer cells to become resistant to the metabolic effects of SH-BC-893. Indeed, individual oncogenic mutations were sufficient to limit the metabolic flexibility of nutrient-stressed cells and sensitize them to SH-BC-893-induced death ( Figure  2 , D and E, and Supplemental Figure 2, A and B) . The ability of SH-BC-893 to simultaneously block 4 key pathways for nutrient acquisition (glucose and amino acid transporters, LDLr, macropinocytosis, and autophagy) also limits the options for acquired resistance. These multifaceted actions should also reduce the ability of tumor heterogeneity to confer drug resistance, as tumor cells with very different metabolic profiles are equally sensitive ( Figure 2 and Figure 8 ). Although metabolic reprogramming may be unlikely to afford resistance, cancer cells could become insensitive to SH-BC-893 because of mutations in the target or downstream pathways. Eliminating global PP2A activity is cell lethal and therefore not a viable resistance strategy. However, cancer cells may acquire resistance by reducing the activity of the specific PP2A complexes activated by SH-BC-893. Genetic alterations that limit vacuolation may also reduce sensitivity to SH-BC-893. A cBioPortal search (http://www.cbioportal.org/) revealed that VAC14, a protein that confers partial resistance to SH-BC-893 ( Figure 7 , C-F), is amplified in 27% of breast cancer xenografts in one dataset, but amplification was not detected in primary patient breast tumors. On the other hand, VAC14 is deleted in 3% to 6% of prostate tumors, which might conversely sensitize these cancers to SH-BC-893. It is interesting that we were able to generate SW480 but not SW620 cells that stably overexpressed VAC14. SW620 and SW480 were isolated from the same patient, but SW480 cells were derived from the primary tumor site and SW620 from a lymph node metastasis. It is possible that VAC14 overexpression is poorly compatible with mutations that confer tumor aggressiveness and metastatic potential. Identifying biomarkers that correlate with sensitivity and resistance to SH-BC-893 will help to clarify this issue.
In conclusion, water-soluble and orally bioavailable vacuolating sphingolipid drugs like SH-BC-893 could provide a cell biology-rather than a biochemistry-based approach to targeting "cancer metabolism." Although optimization of pharmacological properties, formulation, dose, and schedule of administration is warranted, the water solubility, oral activity, micromolar trough levels, and accumulation in tumors suggest that SH-BC-893 has good druglike properties and is worthy of further preclinical evaluation.
Methods
Cell culture and reagents. OP9, DLD-1, SW48, SW620, MDA-MB-231, PANC-1, HOS, MG-63, and Zr75-1 cells were obtained from the ATCC. tem was calibrated during each imaging session by measuring the fluorescence decay of fluorescein with a single exponential of 4.04 nsec. Phasor transformation of FLIM images and analysis of the average lifetime in single cells were done as described previously (30, 35, 36) . Data were processed using SimFCS software developed at the Laboratory of Fluorescence Dynamics at UCI. The nucleus was excluded when determining the bound NADH fraction. The mean ± SEM is shown; n ≥45 cells from 2 independent experiments ( Figure 1F and Figure 2 , B and D). Coherent anti-Stokes Raman spectroscopy. The coherent anti-Stokes Raman spectroscopy (CARS) imaging system is described in detail in ref. 61 . Cells were fixed with 4% formaldehyde and imaged with a 60× water objective. The laser power on the sample was at 10 mW, with a 10-ms pixel dwell time. The lipid droplet area was estimated from CARS images using a customized MATLAB (MathWorks) program. Four components, the Otsu thresholding method was used to separate the lipid droplets, cell cytoplasm, cell nucleus, and the background. The lipid droplet area was defined as the number of pixels covered by lipid droplets over the number of pixels covered by cytoplasm.
PIKfyve in vitro kinase assay. FLAG-PIKfyve was expressed in HEK293T cells, purified with FLAG-beads, and eluted with FLAG peptides. PI3P and phosphatidylserine (C16) liposomes were generated by sonication in 2× lipid mixture buffer (40 mM Tris-HCl, pH 7.4, 200 mM NaCl, 1 mM EGTA), with or without FTY720. FLAG-PIKfyve and lipid mixtures were incubated with Mg Measurement of PI (3, 5 )P 2 by HPLC. HeLa cells were rinsed twice with PBS and incubated for 48 hours in inositol labeling medium (inositol-free DMEM containing 5 μg/ml transferrin, 5 μg/ml insulin, 10% dialyzed FCS, 20 mM HEPES, 2 mM L-glutamine) and 10 μCi/ml myo-[2-3 H]-inositol. Cells were lysed with 4.5% perchloric acid, scraped, and centrifuged at 14,000 ×g for 10 minutes at 4°C. Cell pellets were rinsed with 100 mM EDTA, centrifuged again, and resuspended in 50 μl water. To deacylate lipids, 1 ml methanol, 40% methylamine, and butanol (45.7% methanol, 10.7% methylamine, 11.4% butanol) was added, and then the mixture was transferred to a glass vial and incubated at 55°C for 1 hour. After cooling to room temperature, samples were vacuum dried and resuspended in 0.5 ml water. Lipids were extracted twice with an equal volume of butanol/ethyl ether/ethyl formate (20:4:1). The aqueous phase was vacuum dried and resuspended in 75 μl water, and 50 μl of each sample was analyzed by HPLC. PI(3,5) P 2 levels were expressed as a percentage of total phosphatidylinositol.
PP2A phosphatase activity. PP2A activity was measured using a PP2A immunoprecipitation phosphatase assay kit (EMD Millipore). Briefly, the catalytic subunit of PP2A was immunoprecipitated from FL5.12 cell lysates with 4 μg anti-PP2A, C subunit. After 4 washes, the activity of immunoprecipitated PP2A was assessed by dephosphorylation of the phosphopeptide according to the manufacturer's instructions in the presence or absence of C 2 -ceramide, dihydro-C 2 -ceramide, FTY720, SH-BC-893, or calyculin A.
coal-stripped serum for 24 hours, then incubated with 20 μg/ml Dil-LDL (Life Technologies, Thermo Fisher Scientific; catalog L3482), with or without SH-BC-893, for 6 hours and LysoTracker Blue (Life Technologies, Thermo Fisher Scientific; catalog L-7525), for 30 minutes. To detect surface LDL receptors, Dil-LDL was added at 4°C to mPCEs treated with SH-BC-893 for 3 hours, or cells were stained with LDL receptor antibody (R&D Systems; catalog AF2255). SW480 tumors were excised and fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) and stored in the dark at 4°C until embedment. Tumor samples were processed by the Pathology Research Services Core Facility at UCI.
Electron microscopy. FL5.12 cells treated with FTY720 were fixed with 2.5% glutaraldehyde and 2.5% formaldehyde in 0.1 M sodium cacodylate buffer and stored at 4°C until embedment. Cells were postfixed with 1% osmium tetroxide, serially dehydrated, and embedded in eponat12 resin. Ultra-thin sections were cut, mounted on grids, and stained with uranyl acetate and lead citrate. Samples were analyzed on a Philips CM10 transmission electron microscope. Representative images are shown from 2 independent experiments.
In vivo studies. Experiments were conducted in mice following a power analysis conducted in consultation with the Biostatistics Shared Resource of the Chao Family Comprehensive Cancer Center at UCI. Xenografts were produced by injecting 5 million cells s.c. into the flank of 10-to 16-week-old male or female NSG mice. Prostate isografts were produced in the same manner, but in male 6-to 8-week-old C57BL/6 mice. Once tumors reached 100 mm The Jackson Laboratory, and PB-Cre4 mice (strain no. 01XF5) were obtained from the National Cancer Institute's Frederick Mouse Repository. Age-matched cohorts of pDKO males were generated by in vitro fertilization, executed with the assistance of the Transgenic Mouse Facility at UCI. Treatment was begun at 6 to 7 weeks of age. Tumor weight was determined by isolating the complete genitourinary (GU) tract of pDKO mice and subtracting the average weight of a normal GU tract from that of age-matched mice (n = 3) after it was determined that SH-BC-893 treatment of normal mice did not alter GU tract weight (n = 3). Tumor samples were processed and imaged by the Pathology Research Services Core Facility at UCI. Blood chemistry was analyzed by IDEXX BioResearch, and complete blood counts were performed using a Hemavet hematology system (Drew Scientific Group, Erba Diagnostics). NADH fluorescence lifetime imaging microscopy. Lifetime images were acquired using a Zeiss 780 microscope coupled to a Mai Tai Ti:Sapphire laser system (Spectra-Physics). The excitation wavelength was 740 nm, and a dichroic filter (690 nm) was used to separate the fluorescence signal from the laser light. A 63× 1.15 water-immersion objective was used. The image acquisition settings were: image size of 256 × 256 pixels and scan speed of 25.21 μsec/pixel. Fluorescence was detected by a hybrid detector (HPM-100; Hamamatsu). Data were collected until 100 counts in the brightest pixel of the image were acquired. The fluorescence lifetime imaging microscopy (FLIM) sys-Mass spectrometric quantification of SH-BC-893. As an internal standard, 75 ng FTY720 was added to 50 μl plasma or 50 μl tumor homogenate (0.25 M sucrose, 25 mM KCl, 50 mM Tris HCl, 0.5 mM EDTA, pH 7.4; 1:9 weight/volume) combined 1:1 with acetonitrile. Proteins were precipitated and removed by centrifugation (10 min at 18,000 g) and the supernatant transferred to a fresh tube on ice containing 50 μl acetonitrile plus 0.2% acetic acid. After a second deproteination with acetonitrile plus 0.2% acetic acid, 20 μl of the deproteinated samples were analyzed by ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) using a Waters Micromass Quattro Premier XE equipped with a C18 reversed-phase column (Waters) with an acetonitrile plus 0.2 % acetic acid gradient elution. The instrument was operated in positive ion mode. Ion transition channels for multiple reaction monitoring were 290 → 104 for SH-BC-893 with a dwell time of 200 msec. The cone voltage was 30 V. Standard curves used for quantitation were linear from 50 -1,000 ng/ml, with an R 2 of 0.98 or greater. Recovery of the internal standard was 80% or more. Tumor concentrations were calculated assuming that 1 g = 1 ml. Statistics. Significance was determined using a 2-tailed paired t test for single pairwise comparisons. Tukey's method was used, and adjusted P values are reported where multiple comparisons were made. In tumor studies for which data were not normally distributed, a Mann-Whitney U test was used to compare treated mice with control mice. For lipid droplet area in CARS experiments, the mean values between the control and experimental groups were compared with a 2-tailed ANOVA. A P value of less than 0.05 was considered statistically significant. 
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